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ABSTRACT 
Microwave ablation is a minimally invasive therapeutic modality used for the treatment 
of cancer in various organs. In this procedure, microwave energy is sent through a thin antenna 
placed inside the tumor. The microwave energy radiated from the antenna generates heat which 
kills the tumor cells by necrosis. During multiple-applicator microwave ablation, geometric es-
timates of treatment outcome are typically obtained by assuming parallel insertion of the applica-
tors. This assumption is based on the guidelines provided in the brochures of antenna manufac-
turing companies. This assumption is flawed because it is rare to insert the antennas in parallel 
configuration due to the flexible nature of the antennas and the presence of intervening organs. 
Furthermore, movement of patients during the treatment procedure alters the position of the an-
tennas. In order to see the effect of non-parallel insertion of antennas, model-based treatment 
planning may be instructive. Treatment planning can also determine the changes needed to be 
made for prospective ablation therapy if the antennas are not positioned in their ideal parallel 
configuration. This thesis provides a detailed computational comparison of the skewed configu-
rations of microwave antennas to their closest parallel configurations. The metric used for com-
paring the similarity between the cases is Dice Similarity Coefficient (DSC). Experimental re-
sults to validate the computational data are also discussed. Computations were done by using re-
alistic cases of antenna positions obtained from Rhode Island Hospital.  
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CHAPTER 1: INTRODUCTION 
Background and motivation 
 Cancer is a major worldwide public health problem. In the United States alone, 1,665,540 
new cancer cases and 585,720 cancer deaths were envisioned to occur in 2014 [1]. One of every 
four deaths in the US is cancer-related. Figure 1.1 illustrates the cancer sites that are the most 
dangerous in terms of having the highest death rates. In this thesis, we focus our attention on 
minimally-invasive technologies for treating hepatocellular carcinoma (liver cancer) and lung 
cancer. 
 
 
Figure 1.1. Trends in death rate by location of cancer in males and females [1]. 
 Surgery is a preferred treatment method for patients with early stage cancer but not for 
advanced or metastatic disease which has grown into blood vessels. Surgery is not an option for 
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patients if it hinders the functional capability of an organ after resection. Organ transplant is 
another potential option, but comes at a large expense and finding a suitable organ donor, which 
is not always possible. Chemotherapy is not suitable for selective treatment of target tissues as it 
comes with a large risk of damaging healthy tissues [2]. Furthermore, chemotherapy has proven 
to be ineffective for treating liver cancer as the cancerous tissues resist the chemotherapeutic 
drugs. Ionizing radiation therapy uses high energy radiation to kill cancer cells by damaging their 
DNA. Radiation therapy poses a risk of damaging the DNA of healthy tissues in the vicinity of 
the tumor tissues [3]. There is a need to develop minimally-invasive treatments for treatment of 
surgically-unresectable localized tumors.  
Thermal ablation is a minimally-invasive technique where tumor tissues are killed by 
exposing them to intense temperatures. During an ablation treatment, an applicator is inserted 
into the target organ under image guidance. Energy deposited by the applicator within tissue 
leads to heating, resulting in cell death at elevated temperatures.  Figure 1.2 illustrates the 
objective of an ablation procedure, which is to ablate the target tumor together with a 10 mm 
margin of healthy tissue surrounding the tumor. This is done in order to decrease the chances of 
tumor recurrence. 
 
Figure 1.2. Illustration of a minimally-invasive ablation procedure 
Among the several energy modalities available for thermal ablation, radiofrequency ablation 
(RF) is the most widely used in clinical applications. Other energy modalities for thermal 
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ablation include ultrasound [4], lasers [5], and microwaves [6]. During RF ablation, an active 
electrode is inserted at the target site, and an alternating current (460 kHz) is passed between this 
electrode and a distant, dispersive ground electrode. RF heating requires an electrically 
conductive path between two electrodes. As tissue temperature rises and the tissue desiccates and 
chars, the impedance at the electrode-tissue interface rises, thereby limiting the ablation process.  
Compared to RF heating, microwaves offer greater volumetric heating, larger tissue 
temperatures and allow the synchronous operation of multiple applicators [7]. During microwave 
ablation, an antenna is inserted under image guidance, and radiates electromagnetic energy into 
the target tissue. As the electromagnetic wave oscillates, generally at 915 MHz or 2.45 GHz, 
water and other polar molecules also oscillate, leading to heat generation as a result of large 
frictional interaction between the water molecules. The two most widely used frequencies for 
microwave ablation devices are 915 MHz and 2.45 GHz.  
Microwave propagation through lossy media 
 Microwaves are a form of electromagnetic radiation with frequencies ranging from 300 
MHz to 300 GHz. Microwave propagation through a medium is governed by the electromagnetic 
wave equation. The electromagnetic wave gets attenuated as it passes through the tissue. A part 
of the wave gets absorbed into the medium, a part of it gets reflected back to the source and the 
rest of it gets transmitted. The propagation constant describes the behavior of an electromagnetic 
wave along a transmission medium. The propagation constant is γ=α+jβ where α is the 
attenuation constant and β is the phase constant. The real part of propagation constant is the 
attenuation constant which causes the signal amplitude to decrease along the transmission path. 
The phase constant is the imaginary component of the propagation constant which determines 
the sinusoidal phase of the signal along the transmission medium at a constant time. Thus 
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depending on the attenuation constant in the tissue a part of the energy of the wave gets 
attenuated and absorbed in the medium. Figure 1.2 shows the composite effect of attenuation 
constant and phase constant in wave propagation. It shows wave propagation in a lossy medium 
with the attenuation constant α=0.05, and the phase constant β=1. 
 
Figure 1.3. The propagation of wave in a lossy medium with α=0.05 and β=1.  
Although the cell damage due to heating is a complex process, the level of thermal 
damage following an ablation procedure can be approximated by the first order chemical kinetics 
reaction process governed by the Arrhenius equation.  
𝛺(𝑡) = 𝑙𝑛(𝑐(0) 𝑐(𝑡)⁄ ) = ∫ 𝐴 ⋅ 𝑒
−
𝛥𝐸
𝑅𝑇
𝑡
0
𝑑𝑡                                         (1) 
Where Ω(t) is the degree of tissue injury, c(t) is the concentration of living cells, c(0) is the initial 
concentration of living cells, R is the universal gas constant, A is a "frequency" factor for the 
kinetic expression (s
-1), and ΔE is the activation energy for the irreversible damage reaction (J-
mol
-1
). Ω=1 signifies the point where thermal necrosis occurs, i.e. when 37% of the cells are 
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alive and 63% of the cells are killed by tissue necrosis. The Arrhenius equation gives us an 
estimate of the percentage of cell survivability, Ω=4.6 indicates a probability of 99% cell death 
during ablation. For complete ablation of the target tissue the values of the parameters in 
Arrhenius equation are set to the following: Ω=4.6, A = 7.39 × 1039 s-1 and ΔE = 2.577 × 105 J-mol-1 [8] 
By using these values and solving equation (1) above recursively for different values of 
temperature starting from the normal body temperature of 37 °C we can observe that for 
complete ablation of target volumes we need to heat the target tissues at approximate 
temperatures of about 60 °C for a period of 10 minutes. Figure 1.4 shows the probability of 
complete tissue damage with respect to time when considering isothermal exposures at various 
temperatures. It indicates that at temperatures in excess of 60 °C, complete tissue damage occurs 
within a few seconds. For this reason, the 60 °C isotherm is a commonly used metric for 
assessing the zone of complete thermal damage induced by an ablation procedure.  
 
 
 
 
 
 
Figure 1.4. Tissue damage with progressing time 
 If a single antenna cannot provide a large enough ablation zone to treat a given tumor, 
multiple-antennas may be employed in an array. Laeseke et al. found that distributing power 
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amongst several antennas yields larger ablation zones than when using the same amount of 
power with a single antenna [9] as shown in Figure 1.5. 
 
 
 
 
 
Figure 1.5. Single antenna and multiple antenna ablation [9] 
As shown in Figure 1.6, multiple antennas may be employed in two configurations. The case 
where each antenna is powered by a single source is said to be operating in the synchronous 
mode of operation and the case where each antenna is powered by separate sources is said to be 
operating in asynchronous mode of operation. 
Synchronous and asynchronous systems
MW source
Power Splitter
MW source 1 MW Source 2 MW Source
Antenna 1
5
Antenna 2
Antenna 1 Antenna 2 Antenna 1 Antenna 2
Synchronous Asynchronous Asynchronous
 
Figure 1.6. Setups for synchronous and asynchronous ablations operating in asynchronous mode.  
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Figure 1.7 shows the results of synchronous and asynchronous 915 MHz ablations for simulation 
and experiments from a literature study. It shows that synchronous operation with multiple 
antennas is able to produce larger ablation zones compared to asynchronous operation [10]. 
Multiple-antenna MWA: synchronous vs. asynchronous
Ryan et al., Int J Hyperthermia, 26(5): 415-33, 2010
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Figure 1.7. Experimentally and computationally measured ablation zones for synchronous and 
asynchronous ablations [10]. 
During a clinical ablation procedure, physicians rely on their experience and vendor-
specifications of expected ablation zone outcomes to estimate treatment outcome. Figure 1.8 
illustrates vendor-specified ablation geometry for a multiple-antenna ablation procedure. These 
specifications typically assume parallel antenna insertion to uniform depths, which may not 
always be possible during clinical procedures. 
8 
 
 
 
• Vendors provide estimates of ablation zone dimensions 
for characterizing system (FDA submissions)
– Often used clinically to evaluate potential outcome with 
different antenna configurations
• Multiple-antenna MWA configurations characterized for 
parallel insertion to uniform depths 
Motivation
Covidien MW Ablation System BSD Medical MW Ablation System
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Figure 1.8. Configurations provided by antenna manufacturing companies for performing 
microwave ablation. 
The objective of this thesis is to characterize the impact of antenna mis-alignment on 
ablation outcome. Chapter 2 describes computational and experimental investigation of 
microwave ablation with non-parallel antennas at 915 MHz and 2.45 GHz. Chapter 3 discusses 
directions for potential future investigation.  
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CHAPTER 2: ANALYSIS OF NON-PARALLEL ANTENNA IMPLANTS 
FOR MICROWAVE ABLATION: IMPACT OF VARIATION IN FRE-
QUENCY AND ANTENNA DESIGNS 
 
Introduction 
Thermal ablation is a minimally invasive treatment technique for destruction of localized, 
surgically unresectable tumors that is increasingly being used for treating tumors in the liver, 
lung, kidney, bone, and other organs [11], [12], [13]. Several energy modalities for heating tis-
sues have been developed and are in clinical use, including radiofrequency currents, lasers, mi-
crowaves, ultrasound, and cryoablation. During ablation procedures, the goal is to raise the tem-
perature of the target volume (tumor and a 5-10 mm margin of surrounding healthy tissue) to ad-
verse temperatures in excess of 60 °C [14], leading to cell death by coagulative necrosis. The 
mechanism of heating during microwave ablation is the dielectric hysteresis of water and other 
polar molecules when exposed to a time-varying electromagnetic field. 
Compared to other energy modalities, microwave ablation: produces higher temperatures, 
yields larger ablation volumes, is less susceptible to the impact of blood vessel heat sinks, does 
not require use of grounding pads, and has the ability to treat larger tumors by the use of multiple 
applicators simultaneously [7]. Single applicators are suitable for treating tumors of small di-
mensions (< 2 cm). For larger tumors, multiple applicators may be simultaneously employed, 
operating synchronously or asynchronously, to create large volume ablation zones [10]. Most 
currently available microwave ablation systems operate at frequencies of 915MHz and 2.45 
GHz, which are both frequencies approved for industrial, scientific, and medical (ISM) use.  
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During multiple-applicator ablation, larger ablation zone volumes are achieved due to elec-
tromagnetic and thermal synergy between individual applicators. Synchronous operation of ap-
plicators enables phase interactions between the electric fields radiated by individual antennas, 
while asynchronous operation of applicators allows interaction of power deposited. A recent 
study with 915 MHz antennas indicated that larger ablation zones are achieved when multiple 
applicators are operated synchronously [10]. Multiple applicator heating with interstitial anten-
nas has previously been extensively studied at lower frequencies and powers for hyperthermia 
applications [15], [16]. For synchronously operated systems, electromagnetic synergy is a func-
tion of the spacing between antennas and the wavelength of electromagnetic energy.  
The expected ablation performance with a given configuration (number of antennas, applied 
power level, duration) is typically characterized with the extents of the ablation zone dimensions 
following experiments in unperfused ex vivo tissue.  For multiple-antenna configurations, vendor 
specified ablation zones typically assume parallel applicator insertion to uniform depths. Howev-
er, parallel insertion is not always possible due to anatomic constraints, imprecision of inserting 
flexible transmission cables with limited image guidance, and movement of the antenna and/or 
patient anatomy during the treatment process. Figure 2.1(a) illustrates antenna tip and insertion-
point positions for six representative multiple-antenna ablation procedures performed at Rhode 
Island Hospital. For these six cases, none of the antenna implants were inserted in a parallel 
manner. An example non-parallel antenna insertion for a liver ablation procedure is shown in 
Figure 2.1(b). The impact of non-parallel insertion to non-uniform depths has not been previous-
ly studied for ablation applications.  
For hyperthermia, Trembly et al. investigated the effects of variation of frequency and anten-
na length on the power deposition within a microwave antenna array of four parallel antennas 
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[15]. Their study showed that the greatest power deposition occurs at the center of an array with 
four antennas when the half wavelength of the dipole corresponds to the driving frequency. Clib-
bon et al. studied  the impact of skewing one antenna on the SAR in an array of four antennas 
[16]. The results of their study showed that by skewing or varying the insertion depth of an an-
tenna in an array of four antennas, the phase interaction between the applicators in the array is 
modified, thereby moving the location of maximum power deposition towards the periphery of 
the tumor instead of the tumor center. While several experimental studies have characterized 
multiple-applicator microwave ablation, these studies have only considered parallel  antenna in-
sertion to uniform depths [9], [10].  
Figure 1 (a, b). Figure 1(a) shows the antenna entry-point and tip-spacing for six clinical multiple-antenna ablations. Parallel
implants (black, solid line) are not routinely achieved. Figure 1(b) shows parallel insertion not always possible due to intervening 
anatomy (e.g. bone) and limited control of flexible antennas
Figure 1a Figure 1b
 
Figure 2.1 (a). shows the antenna entry-point and tip-spacing for six clinical multiple-antenna 
ablations. Parallel implants (black, solid line) are not routinely achieved. Figure 2.1(b) shows 
that parallel insertion is not always possible due to intervening anatomy (e.g. bone) and limited 
control of flexible antennas  
The objective of this study is to: (1) volumetrically quantify the impact of non-parallel 
antenna insertion on temperature profiles and ablation zones during dual-applicator microwave 
ablation; and (2) assess the relationship between antenna operating frequency on the ablation 
                     2.1 ( )                                                       2.1 (b) 
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zone characteristics for non-parallel insertions. We employed 3D electromagnetic-thermal simu-
lations and experiments in ex vivo tissue to characterize microwave ablation with non-parallel 
antenna implants. The results of this study suggests that there may be significant discrepancy be-
tween the expected ablation zones for non-parallel vs. parallel dual-antenna implants, particular-
ly at 2.45 GHz. Section 2 describes the computational model, experimental procedure, and over-
all methodology carried out during this study. Results are presented in Section 3, followed by a 
discussion of the most important results in section 4.  
Methods 
In this study, we employed computational models to analytically compare the ablation 
zone shapes volumetrically for parallel and non-parallel antenna implants for different 
configurations. Heating experiments were performed in unperfused ex vivo tissue to validate the 
simulation results. Antenna implants consisted of synchronous, dual-antenna arrays, operating at 
either 915 MHz or 2.45 GHz.  
Antenna Designs 
We considered coaxial dipole antennas designed with the guidelines for resonant antenna 
length as described in [15]. Dipole antennas were selected since their design is simple, flexible 
and scalable for operation at different frequencies. However, their relatively long radiation 
pattern (along the antenna axis) and poor aspect ratio of ablation zones may not be practical for 
clinical applications intending to ablate tumors having spherical dimensions. To assess the 
impact of frequency of operation, we considered synchronously powered antennas at 915 MHz 
and 2.45 GHz. The effective antenna quarter-wavelength was calculated to be 28.1 mm for 915 
MHz and 11.9 mm for 2.45 GHz. The effective wavelength incorporates the dielectric properties 
of the tissue load, as well as the insulating catheter, and their relative dimensions. For 2.45 GHz 
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ablations, we also considered a dual slot antenna [17], as it offers an improved antenna reflection 
coefficient, less heating along the length of the antenna, and a more spherical ablation zone. 
Figure 2.2 shows the geometry of the dipole and the dual slot antenna. 
Outer Conductor
Inner Conductor
Catheter
Dielectric
Outer Conductor Inner ConductorDielectric
 
Figure 2.2. A Dipole Antenna 10 (a) and a Dual Slot Antenna 10 (b) 
Figure 2.3 provides an illustration of the temperature profiles following 30 W, 10 min ablations 
for dipole and dual slot antennas at 2.45 GHz. The edge of the ablation zone is approximated 
using the 60 °C isotherm. 
 
Figure 2.3. Temperature [°C] profile following 30 W, 10 min ablation with a single dipole 
antenna (left) and a dual slot antenna (right) tuned to 2.45 GHz. 
Antenna configurations 
For clinical multiple antenna microwave ablation procedures, the inter-antenna spacing 
range from 0.5 cm to 3.0 cm, with 1 – 2 cm spacing the most widely used [20],[21],[22]. In this 
10 (a) 10 (b) 
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study, we considered synchronous, dual antenna implants with parallel antennas spaced 10 mm, 
15 mm, and 20 mm apart. For each antenna spacing, we considered tip and feed (antenna entry 
point into tissue) displacements of 3 mm, 5 mm and 7.5 mm, creating converging and diverging 
configurations.  
We used the Dice Similarity Coefficient (DSC) to compare the similarities between the 
ablation zones created by parallel and non-parallel antennas. The impact of non-parallel antenna 
insertion was quantified by comparing the similarity between the predicted ablation zone volume 
with the closest parallel case. The DSC was calculated using Equation 2 
                                    
)(
2
DSC
BA
BA


                                   (2) 
where, A and B are the number of species in samples A and B, respectively. In this study, A and B 
represented binary maps for each voxel within the computational grid corresponding to 1 (tissue 
ablated, T > 60 °C) or 0 (tissue not ablated, T <= 60 °C). The value of DSC ranges between 0, 
indicating no similarity between A and B, and 1, indicating an identical match (or overlap) 
between A and B.  
Computational Models 
We employed 3D computational models of microwave propagation, energy deposition, 
and bioheat transfer to characterize dual-antenna microwave ablation. Figure 2.4 provides a 
block diagram representation of our computational model. In our computational models, we 
assumed static tissue properties with respect to temperature [23] and did not consider 
heterogeneous tissues.  
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Computational Modelling
Electromagnetic Model Thermal Model Post Processing Data
Figure 2.4. Block diagram representation of the computational model for estimating and comparing 
ablation zone profiles between parallel and non-parallel configurations 
The electric field radiated into tissue during ablation was computed by solving the Helmholtz 
wave equation: 
0)/()( 0
2
0
1


EE  jk rr               (3) 
where, µr is  the relative permeability, E is the electric field [V/m], k0 is the wavenumber in free 
space [m
-1],  εr is the relative permittivity, σ is the effective electrical conductivity [S/m],  ω is 
the angular frequency of operation [s
-1],  ε0 is the permittivity of free space.  A scattering 
boundary condition was employed on the edges of the computational domain to simulate the 
antenna as being inserted into an infinitely large volume of tissue. To ease computational burden, 
all copper regions were neglected from the computational domain and modeled with a perfect 
electric conductor boundary condition (i.e., σ  ∞) [24], [25], [26]. The time-averaged power 
deposited in tissue was computed using: 
                     
2
2
1
EQ                              (4) 
 A transient bioheat equation including the perfusion term was used to model bioheat 
transfer in tissue. 
T)-(T)(/ bbbp CQTktTC      (5) 
)(
2
DSC
BA
BA



 0)/()( 0
2
0
1


EE  jk rr
 
 
T)-(T)(/ bbbp CQTktTC  
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where, ρ is the density [kg/m3], Cp is the specific heat capacity of the medium [J/kg K], T is the 
temperature [K], t is time [s], k is the thermal conductivity [W/(m K)], Q is the heat source 
calculated from the electromagnetic model [W/m
3], ω is the blood perfusion rate [s-1], ρb [kg/m
3
] 
is the density of the blood, Cb is the specific heat capacity of the blood [J/kg K] and Tb [K] is the 
temperature of the blood in the surrounding arteries. Initial temperature in tissues was set to 37 
°C. For validating the experimental results, a set of ex vivo simulations were performed by 
setting the perfusion term to zero. The 60 °C isotherm was used to estimate the extents of the 
ablation zones [14]. Material properties used for these simulations are listed in Table 2.1. 
Property 915 MHz 2.45 GHz 
Relative permittivity (εr)
 
46.76 43.03 
Effective electrical conductivity 
(σ) 
0.86 S/m 1.69 S/m 
Thermal conductivity (k) 0.56 W/(m K) 
Density (ρ) 1060 kg/m3 
Specific heat capacity (Cp) 3639 J/(kg K) 
Table 2.1. Material properties of liver tissue used in simulations 
Experimental validation 
Computational results were validated with dual antenna ablation experiments of select 
configurations in ex vivo tissue. Porcine muscle tissue was warmed up to ~35 °C in a 
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temperature-controlled bath. Antennas were inserted in parallel and converging configuration 
using a custom-designed template to guide antenna placement. For all dual antenna ablations, 
signal from an HP 8648C signal generator was amplified to 60 W using a microwave power 
amplifier (RF Core) and fed through an equal-phase splitter. Forward power during ablations was 
monitored at the input of the splitter with a Bird Electronic Corporation power meter to ensure 
30 W was applied to each antenna. This experimental system represented ablation with 
synchronously powered antennas. The length and width of ablation zones were measured by 
observing the visibly discolored tissue. Figure 2.5 shows the block diagram of our experimental 
setup. Experimental Validation
Signal generator
HP 8648C
MW Power Amplifier
RF Core
Power Meter
Bird Electronic Corporation
Dual Antenna Array
Power SplitterEx vivo tissues
Length
Width
 
Figure 2.5. Block diagram representation of the experimental setup for determining ablation zone 
profiles 
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Results 
Microwave ablation at 915 MHz and 2.45 GHz with dual dipole antennas 
Table 2.2 details calculated DSC values to quantify the similarity between ablation zones ob 
tained with 915 MHz and 2.45 GHz in converging configurations, compared to the closest paral-
lel configuration. These data indicate that the discrepancies between ablation zones achieved 
with parallel vs. non-parallel configurations are more significant at 915 MHz, compared to 2.45 
GHz. For both frequencies, the greatest discrepancy between parallel and converging dual-
antenna arrays were observed for a nominal spacing of 20 mm. Figure 2.6 and 2.7 below show 
simulated ablation zones with 915 MHz and 2.45 GHz dipole antennas, respectively, spaced 20 
mm apart in parallel and converging configurations.  
Parallel spacing be-
tween antennas 
915 MHz 2.45 GHz 
Tip displacements for converg-
ing configurations 
Tip displacements for converg-
ing configurations 
3 mm 5 mm 7.5 mm 3 mm 5 mm 7.5 mm 
10 mm 0.94   0.91   
15 mm 0.96 0.92  0.86 0.88  
20 mm 0.95 0.93 0.90 0.85 0.74 0.74 
Table 2.2. Volumetric similarity (DSC) between parallel and converging dual-antenna configura-
tions with tip displacements for 915 MHz and 2.45 GHz dipole antennas  
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Figure 2.6. Temperature [°C] profiles and contour plot showing estimated extent of ablation zone 
following 10 min, 30 W/antenna dual-antenna ablation with 915 MHz coaxial dipole antennas in 
parallel and converging configurations. 
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Figure 2.7. Temperature [°C] profiles and contour plot showing estimated extent of ablation zone 
following 10 min, 30 W/antenna dual-antenna ablation with 2.45 GHz coaxial dipole antennas in 
parallel and converging configurations. 
Dual antenna ablation at 2.45 GHz for Dual Slot Antennas: Converging and Diverging 
Configurations 
We conducted further simulations with 2.45 GHz dual-slot antennas, which afford more 
spherical ablation zones than dipole antennas. Tables 2.3 and 2.4 list calculated DSC values for 
dual-antenna arrays in converging and diverging configurations, respectively. Similar to the re-
sults observed for 2.45 GHz dipole antenna arrays, the ablation zone created by dual antenna ar-
rays with 2.45 GHz dual-slot antennas are most sensitive to converging perturbations for a nomi-
nal spacing of 20 mm.  For diverging perturbations, computed DSC values remain relatively 
large, suggesting only small changes in heating patterns compared to the parallel case. 
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Parallel spacing be-
tween antennas 
Tip displacements for converg-
ing configurations 
3 mm 5 mm 7.5 mm 
10 mm 0.94   
15 mm 0.88 0.91  
20 mm 0.87 0.63 0.80 
Table 2.3. Volumetric similarity between parallel and converging antenna configurations 
with tip displacements for dual slot antenna  
Parallel spacing be-
tween antennas 
Tip displacements for diverg-
ing configurations 
3 mm 5 mm 7.5 mm 
10 mm 0.87 0.79 0.73 
15 mm 0.88 0.83 0.78 
20 mm 0.93 0.88 0.79 
Table 2.4. Volumetric similarity between parallel and diverging antenna configurations with tip 
displacements for dual slot antennas 
Figure 2.8 shows simulated temperature profiles and ablation zones with 2.45 GHz dual slot an-
tennas spaced 20 mm apart in converging configurations. The greatest discrepancy between the 
parallel configuration and converging configuration occurs for a perturbation of 5 mm/antenna. 
Interestingly, for greater perturbations, calculated DSC values and simulated ablation zone pro-
files are in closer agreement with the parallel case.  
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Figure 2.8. Temperature [°C] profiles and contour plot showing estimated extent of ablation zone 
following 10 min, 30 W/antenna dual-antenna ablation with 2.45 GHz dual-slot antennas in par-
allel and converging configurations. 
To further investigate this, we simulated ablation with a single antenna in the vicinity of a 
second antenna that was not powered. The presence of another antenna caused electromagnetic 
interaction between the antenna applicators in such a way that the power deposition pattern for 
the 5 mm converging tip case shifts upwards compared to the parallel case Figure 2.9. Further-
more, the temperature profile abruptly falls off next to the unpowered antenna. This may be due 
to the fact that the electric field drops rapidly near the second antenna, acting as a reflector of 
incident electromagnetic energy from the powered antennas.  
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Figure 2.9. Temperature plot for the 20mm spacing 5mm converging case with only one antenna 
powered and temperature plot in presence of a single-dual slot antenna 
Figure 2.10 shows simulated ablation zones with 2.45 GHz dual slot antennas spaced 20 mm 
apart in diverging configurations. 
 
Figure 2.10. Temperature [°C] profiles and contour plot showing estimated extent of ablation 
zone following 10 min, 30 W/antenna dual-antenna ablation with 2.45 GHz dual-slot antennas in 
parallel and diverging configurations. 
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Microwave ablation at 915 MHz and 2.45 GHz with dual dipole antennas: In vivo ablation for 
elevated powers of 60 W per antenna 
 
Table 2.5 above compares the volumetric similarity between the parallel and converging cases for 
dipole antennas operating at frequencies of 915 MHz and 2.45 GHz. Each antenna receives a 
power of 60 W. The trends of the results agree with the results for ex vivo cases. 
Parallel spacing be-
tween antennas 
915 MHz 2.45 GHz 
Tip displacements for converg-
ing configurations 
Tip displacements for converg-
ing configurations 
3 mm 5 mm 7.5 mm 3 mm 5 mm 7.5 mm 
10 mm 0.95   0.91   
15 mm 0.97 0.94  0.88 0.90  
20 mm 0.96 0.94 0.92 0.87 0.77 0.70 
Table 2.5. Volumetric similarity (DSC) between parallel and converging dual-antenna configura-
tions with tip displacements for 915 MHz and 2.45 GHz dipole antennas for in vivo cases in the 
presence of blood perfusion 
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Figure 2.11 and Figure 2.12 show the in vivo ablation cases with each antenna receiving a power of 
60 W. 
In Vivo and Ex vivo simulations at 915 MHz
2
 
Figure 2.11. Temperature [°C] profiles and contour plot showing estimated extent of ablation 
zone following 10 min, 60 W/antenna dual-antenna ablation with 915 MHz dipole antennas in 
parallel and converging configurations. 
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In Vivo and Ex vivo simulations at 2450 MHz
3
 
Figure 2.12. Temperature [°C] profiles and contour plot showing estimated extent of ablation 
zone following 10 min, 60 W/antenna dual-antenna ablation with 2.45 GHz dipole antennas in 
parallel and converging configurations. 
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Experimental validation 
Figure 2.13 depicts ablation zones observed following heating experiments in ex vivo 
porcine muscle tissue using dual dipole antennas spaced 20 mm apart, tuned to 915 MHz and 
2.45 GHz. The ablation zone profiles for dual-antenna parallel arrays (Figure 2.13, left col-
umn) are in good agreement with patterns predicted by simulations (Figure 2.6 and Figure 
2.7). At 2.45 GHz, ablation with dual-antennas in a converging array (antenna tip-spacing = 
10 mm; antenna feed-spacing = 20 mm) lead to increased heating along the antenna length, 
and reduced heating along the antenna short-axis, in agreement with simulations. At 915 
MHz, experimental ablation zones with a converging array appeared shorter and wider, in 
contrast to predictions by simulations. This discrepancy may be due to the smaller insertion 
depth in ex vivo tissue, limited by the size of the tissue sample. Table 2.6 and Table 2.7 below 
show the ablation zone dimensions from the experimental procedures. The mean and stand-
ard deviations were calculated for the experiments. 
Dual Antenna ablation with Dipole Anten-
nas at 915 MHz for parallel configuration 
Dual Antenna ablation with Dipole Anten-
nas at 915 MHz for converging configura-
tion with tips converging by 5 mm 
Width Length Width Length 
Mean  
3.93 
cm 
Std 
0.71 
cm 
Mean 
5.94 
cm 
Std 
1.06 
cm 
Mean 
3.90 
cm 
Std 
0.35 
cm 
Mean 
6.37 
cm 
Std 
0.92 
cm 
Table 2.6. The mean and standard deviations of the experimental results at the operating 
frequency of 915 MHz. 
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Dual Antenna ablation with Dipole Anten-
nas at 2450 MHz for parallel configuration 
Dual Antenna ablation with Dipole Anten-
nas at 2450 MHz for converging configu-
ration with tips converging by 5 mm 
Width Length Width Length 
Mean 
4.36 
cm 
Std 
0.56 
cm 
Mean 
4.38 
cm 
Std 
0.77 
cm 
Mean 
3.99 
cm 
Std 
1.46 
cm 
Mean 
5.03 
cm 
Std 
1.25 
cm 
Table 2.7. The mean and standard deviations of the experimental results at the operating 
frequency of 2.45 GHz. 
 
Figure 2.13. Experimentally observed ablation zone following dual-antenna ablations in ex vivo 
porcine tissue. (top left) 2.45 GHz, parallel and (top right) converging arrays. (Bottom left) 915 
MHz parallel and (bottom right) converging arrays. 
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DISCUSSION 
The objective of this study was to analyze the impact of non-parallel antenna insertion on 
the outcome of multiple antenna microwave ablation. A 3D FEM model based on Pennes bio-
heat equation was implemented to compute power deposition and thermal profiles during abla-
tion. We validated the simulation results by performing ablation experiments in ex vivo porcine 
muscle.  
Dipole antennas produce elongated ablation zones as they heat along the axial length. In 
most practical cases of ablation large axial heating and a poor axial ratio leads to skin burns. 
Dual slot antennas are more realistic antenna designs in terms of offering spherical power 
deposition profiles with better aspect ratios. Figure 2.3 demonstrates this phenomenon 
appropriately by comparing the thermal profiles of dipole and dual slot antennas. The aspect 
ratio of the radiation pattern can be improved further by effective cooling of the antennas along 
the shaft [27].  
For lower frequencies having larger wavelengths the impact of antenna misalignment on 
ablation zone characteristics is less compared to that for higher driving frequencies. The impact 
of antenna tip misalignment was observed to be less for the driving frequency of 915 MHz 
compared to that of 2.45 GHz. This may be attributed to the increase in electromagnetic 
wavelength with decreasing frequency. At 915 MHz the wavelength is a larger fraction of the 
distance between the antennas than at 2.45 GHz. The large wavelength mitigates the effect of 
variations caused by displacing antenna configurations as the perturbation is a smaller fraction of 
the wavelength. 20 mm spacing is equivalent to 1.68 wavelengths at 2.45 GHz compared to 
0.712 wavelengths at 915 MHz. At 2.45 GHz with dipole antennas, the similarities between the 
parallel configuration and the converging configurations with tip displacement ranged from 0.74-
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0.91, compared to 0.90-0.96 at 915 MHz. 
The non-parallel cases compared to the parallel case when dipole antennas are used 
exhibit the estimated behavior that is with an increase in displacement of the antenna tips with 
respect to parallel configuration the similarity between the parallel and misaligned case 
decreases. However, for dual slot antennas spaced 20 mm apart this trend seems to be violated. 
When the tip displacement increases from 5 mm to 7.5 mm the similarity between the parallel 
and misaligned case increases instead of decreasing. This happens due to the fact that in the 
presence of the other antenna for 20 mm spacing between the antennas and 5 mm displacement 
the power deposition profile shifts upwards compared to the parallel case as a result of the 
electromagnetic interaction between the waves generated from the applicators. The same does 
not happen in the absence of the other antenna as demonstrated by Figure 2.9. 
We noticed similar trends in the experimental results in terms of ablation zone profiles 
compared to our computational results. For the driving frequency of 915 MHz and parallel 
configuration the ablation zone was measured to be 5.94 cm (±1.06 cm) ×3.93 cm (±0.71 cm), 
for angled configuration with each of the tip converging by 5 mm the ablation zone was 
measured to be 6.37 cm (±0.92 cm) ×3.90 cm (±0.35 cm). For the driving frequency of 2450 
MHz and parallel configuration the ablation zone was measured to be 4.38 cm (±0.77 cm) ×4.36 
cm (±0.56 cm), for angled configuration with each tip converging by 5 mm the ablation zone was 
measured to be 5.03 cm (±1.25 cm) ×3.99 cm (±1.46 cm). The statistical differences between 
measured ablation zones for parallel and non-parallel case were found to be inconclusive and 
more experiments need to be repeated for getting a proper estimate of this difference.  
In order to observe the impact in the presence of perfusion in-vivo computational models 
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were built using Pennes bioheat equation. We notice that blood perfusion acts as a heat sink 
which diminishes the dimensions of the ablation zone. With the same power supplied to the 
antennas there were several cases where the intratumoral temperatures were not even reaching 
the lower limits for tissue necrosis i.e. 60 °C. To counter the low temperatures the power 
supplied to each of the antennas were increased to 60 W. The result of in-vivo simulations with 
each antenna powered to 60 W agree with the trends observed for ex-vivo simulations with lower 
powers. It has been observed in literature previously that the presence of peritumoral vessels 
during ablation can act as a major heat sink causing inadequate heating of tumor tissues [28]. 
This often leads to recurrence of tumors especially for vessels (>3 cm). Thus, treatment planning 
should be used with higher power systems when vessels are present in the vicinity of the tumor 
tissues.  
Similar to ablation using other modalities we observe that the addition of antennas did not 
impact the ablation zone dimensions along the axial length of the applicators. A possible 
disadvantage of this aspect is that due to the lack of control of heating pattern along the axial 
length of the applicators the temperatures in regions where the antennas are in close proximity to 
each other will be very high compared to temperatures in regions where the antennas are far 
away from each other [29]. 
This study provides ample evidence that contrary to the configurations provided by 
vendors non-parallel insertion of antennas can have a major impact on the power deposition 
profiles in tissues. Hence, proper treatment planning strategies need to be implemented based on 
actual needle positions and not based on arbitrary assumptions. Further research needs to be done 
to devise treatment planning systems for ablation of the target tissues. 
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CONCLUSION 
Microwave ablation is increasingly being used for minimally invasive treatment of tu-
mors in several organs. When targeting large volumes, multiple-antennas may be operated simul-
taneously, affording larger ablation zones due to electromagnetic and thermal synergy between 
applicators. Treatment planning during microwave ablation typically employs vendor specifica-
tion of ablation zones based on experiments in ex vivo tissues. These experiments typically as-
sume parallel insertion of antennas to uniform depths. This study was undertaken to investigate 
the impact of varying degrees of antenna misalignment on ablation outcome.  
Our modeling and preliminary experimental results suggest that with increased displace-
ment of the antenna tips the similarity of ablation zone compared to the parallel case decreases. 
Larger discrepancies between ablation zones created by parallel and non-parallel configurations 
were observed at 2.45 GHz compared to 915 MHz. We hypothesize that this may be due to the 
shorter electromagnetic wavelengths at 2.45 GHz. For 2.45 GHz dual-slot antennas spaced 20 
mm apart, perturbations of 5 mm/antenna yielded greater dis-similarity of ablation zone com-
pared to the parallel case than for 3 mm/antenna and 7.5 mm/antenna displacements. These re-
sults suggest that clinically observed ablation zones may be significantly different from vendor 
specifications when antennas are not in parallel configurations. Model-based patient-specific 
treatment plans may provide a more accurate estimate of expected ablation outcomes. To predict 
ablation zone profiles following multiple-antenna ablations, treatment planning calculations 
should incorporate actual antenna positions from images acquired following antenna placement. 
While this study considered coaxial dipole antennas since they can be readily scaled for various 
frequencies, future studies should consider more clinically relevant antennas.  Finally, we intro-
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duced a method for quantifying predicted ablation zone profiles incorporating uncertainty in an-
tenna tip positions.  
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CHAPTER 3: CONCLUSION AND FUTURE WORK 
 Microwave ablation is an increasingly used modality for thermal therapy of surgically 
unresectable tumors. When treating large tumors, multiple antennas are employed 
simultaneously in array. Clinicians typically employ vendor-specifications of ablation zone to 
estimate or predict expected ablation outcome. This thesis was undertaken to assess the impact of 
non-parallel antenna insertion on ablation outcome.  
Non-parallel antenna implants were found to be significantly different from the idealistic 
parallel implants in terms of the ablation zone dimensions. At present clinicians do not have a 
clear understanding of the physical interactions between applicators that are not aligned 
according to the configurations provided to them by antenna manufacturers. This study shows 
that there is a need for caution during such circumstances.  
In the ex-vivo measurements we neglect the effect of blood perfusion and the change in 
tissue properties with respect to temperature. In vivo simulations are required for providing a 
better estimate of the impact of misalignment of antennas on the SAR. To generate an accurate 
model for ablation, presence of blood vessel, fatty tissues, and other sources of heterogeneity 
need to be considered, especially when they are in the vicinity of target tissues. Simulation 
results are based on the accuracy of the computational tools. Thus, to validate the accuracy of the 
simulation results there is a need for further in vivo experiments. Ex-vivo porcine tissue was 
used for experimental purposes to replicate some of the simulation results. It is difficult to 
replicate the in-vivo simulation results as experiments need to be done after euthanizing living 
animals. In-vivo methods are relatively expensive in terms of time, cost and animal lives 
compared to ex-vivo methods. Further investigation is warranted for analyzing the impact of non-
ideal configurations under realistic situations. 
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